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WIND-TUNNEL RESULTS OF ADVANCED HIGH-SPEED PROPELLERS AT 

TAKEOFF, CLIMB, AND LANDING MACH NUMBERS 

George L. S te fko  and Robert J. Je rack i  
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

Low-speed w ind- tunne l  performance t e s t s  o f  two advanced p r o p e l l e r s  have 
been completed a t  t h e  NASA Lewis Research Center as p a r t  o f  t h e  NASA Advanced 
Turboprop Program. The 62.2-cm- (24.5 i n - )  d iameter  a d j u s t a b l e - p i t c h  models 

h were t e s t e d  a t  Mach numbers f rom 0.10 t o  0.34 a t  zero ang le  o f  a t t a c k  i n  the  
d 7 

Lewis 10- by 10-Foot  Supersonic Wind Tunnel t o  e s t a b l i s h  t h e  performance o f  
(u t h e  two p r o p e l l e r  models i n  t h e  t a k e o f f ,  i n i t i a l  c l imbou t ,  and l a n d i n g  speed 
w regimes. Prev ious t e s t s  had concent ra ted  on measuring t h e  performance o f  these 

p r o p e l l e r s  a t  t h e  h ighe r  Mach numbers o f  0.60 t o  0.85. 

I 

Both models had e i g h t  b lades and a c ru i se -des ign -po in t  o p e r a t l n g  c o n d i t i o n  
o f  Mach 0.80, a 10.668-km (35 0 0 0 - f t )  I . S . A .  a l t i t u d e ,  a 2 4 3 . 8 - M ~  (80D- f t / sec )  
t i p  speed, and a high-power l oad ing  o f  301 kW/m2 (37.5 s h p / f t 2 ) .  The s t r a i g h t -  
b lade  model (SR-2) was t e s t e d  w i t h  an i n t e g r a l l y  designed a rea - ru led  sp inner  
and s p e c i a l l y  contoured n a c e l l e .  The 45"-swept-blade model (SR-3) was t e s t e d  
w i t h  a d i f f e r e n t  a rea - ru led  sp inner  and t h e  same contoured n a c e l l e .  The.45" 
b lade  sweep was inco rpo ra ted  t o  min imize  h i g h  Mach number performance losses  
and t o  produce a c o u s t i c a l  phase i n t e r f e r e n c e  which would reduce n o i s e  l e v e l s .  
The sp inner  and n a c e l l e  contours were se lec ted  t o  reduce b l a d e - s e c t i o n  Mach 
numbers and t o  r e l i e v e  b lade - roo t  choking. 

No adverse o r  unusual low-speed opera t i ng  c o n d i t i o n s  were found d u r i n g  t h e  
t e s t  w i t h  e i t h e r  the  s t r a i g h t - b l a d e  SR-2 o r  t he  45O-swept SR-3 p r o p e l l e r .  A t  
a takeo f f  c o n d i t i o n  of Mach 0.20, an advance r a t i o  o f  0.875, and a power coe f -  
f i c i e n t  o f  1.00, t h e  n e t  efficiencies o f  t h e  s t r a i g h t  and 45O-swept p r o p e l l e r s  
were 50.2 and 54.9 percent ,  r e s p e c t i v e l y .  A t  a c l i m b  c o n d i t i o n  o f  Mach 0.34, 
an advance r a t i o  o f  1.40, and a power c o e f f i c i e n t  o f  1.70, t he  n e t  e f f i c i e n c i e s  
o f  t h e  s t r a i g h t  and 45O-swept p r o p e l l e r s  were 53.7 and 59.1 percent ,  
respec t  i v e l  y . 

I N T R O D U C T I O N  

The a t t r a c t i v e n e s s  o f  advanced tu rboprop p r o p u l s i o n  r e s u l t s  f rom i t s  
p o t e n t i a l  f o r  very  h i g h  e f f i c i e n c y  a t  c r u i s e  speeds up t o  Mach 0.8. F igu re  1 
compares t h e  i n s t a l l e d  c r u i s e  e f f i c i e n c y  o f  turboprop-powered and t u r b o f a n  
powered p r o p u l s i v e  systems over  a range o f  c r u i s e  speeds. The e f f i c i e n c i e s  
shown i n c l u d e  t h e  i n s t a l l a t i o n  losses f o r  b o t h  systems, namely, n a c e l l e  d rag  
f o r  t h e  tu rboprop systems and fan-cowl ing  e x t e r n a l  drag and i n t e r n a l - f a n  a i r -  
f l o w  losses  assoc ia ted  w i t h  i n l e t  recovery  and nozz le  e f f i c i e n c y  f o r  t h e  t u r b o -  
f a n  systems. Conventtonal lower speed turboprops,  such as the  E l e c t r a ,  have 
i n s t a l l e d  e f f i c i e n c i e s  above 80 percent  a t  speeds up t o  about Mach 0.5, b u t  

'can s u f f e r  f rom r a p i d  decreases i n  e f f i c i e n c y  above t h i s  speed because o f  
i n c r e a s i n g  p r o p e l l e r - c o m p r e s s i b i l i t y  losses .  These losses a r e  p r i m a r i l y  t h e  



r e s u l t  o f  r e l a t i v e l y  t h i c k  blades ( 5  t o  7 pe rcen t  o f  chord a t  75-percent 
r a d i u s )  used on many p r o p e l l e r  p r o p u l s i o n  systems opera t i ng  a t  h i g h  h e l i c a l - t i p  
Mach numbers. 

The advanced high-speed tu rboprop has t h e  p o t e n t i a l  t o  de lay  these com- 
p r e s s i b i l i t y  losses  t o  a much h ighe r  c r u i s e  speed and achieve a r e l a t i v e l y  h i g h  
performance t o  a t  l e a s t  Mach 0.8 c r u i s e .  
e x h i b i t  t h e i r  h i g h e s t  e f f i c i e n c y  a t  c r u i s e  speeds near Mach 0.8, t h e i r  per form- 
ance would s t i l l  be s i g n i f i c a n t l y  below t h a t  o f  t h e  advanced tu rboprops .  

A l though h igh -bypass - ra t i o  tu rbo fans  

A number o f  s tud ies  have been conducted by b o t h  NASA and i n d u s t r y  t o  
eva lua te  t h e  p o t e n t i a l  o f  advanced high-speed tu rboprop p r o p u l s i o n  f o r  b o t h  
c i v i l  and m i l i t a r y  a p p l i c a t i o n s .  Numerous re fe rences  t o  s p e c i f i c  s t u d i e s  and 
summary r e s u l t s  a r e  l i s t e d  i n  re fe rence  1. 
those shown i n  f i g .  1 )  f o r  comparable-technology advanced turboprops and tu rbo -  
fans  were used I n  most o f  these s tud ies .  A t  Mach 0.8, t he  i n s t a l l e d  e f f i c i e n c y  
o f  t h e  t u r b o f a n  system would be about 65 percent ,  w h i l e  t h e  i n s t a l l e d  e f f i -  
c i ency  o f  t h e  advanced tu rboprop would be about 75 percent .  A t  lower  c r u i s e  
speeds, t h e  e f f i c i e n c y  advantage o f  t h e  advanced tu rboprop would be even 
l a r g e r .  

I n s t a l l e d  e f f i c i e n c i e s  ( s i m i l a r  t o  

F igu re  2, which shows b lock  f u e l  savings as a f u n c t i o n  o f  t r i p - s t a g e  
leng th ,  i s  a summary of t h e  re fe rence  1 s tud ies .  As  shown i n  f i g u r e  2, b l o c k  
f u e l  savings depends on a i r c r a f t  c r u i s e  speed and range. A t  Mach 0.8 c r u i s e  
(which i s  represented by t h e  bot tom o f  t h e  band), f u e l  savings range f rom about 
15 t o  25 percent  f o r  advanced tu rboprop a i r c r a f t  when compared t o  equ iva len t -  
technology t u r b o f a n  a i r c r a f t .  The l a r g e r  f u e l  savings occur a t  t he  s h o r t e r  
o p e r a t i n g  ranges, where t h e  m iss ion  i s  c l i m b  and descent dominated. Because 
o f  t h e  lower o p e r a t i n g  speeds encountered d u r i n g  c l i m b  and descent, turboprops 
have an even l a r g e r  performance advantage over  t h e  tu rbo fans  than they do 
d u r i n g  Mach 0.8 c r u i s e .  I n  a s i m i l a r  manner, a l a r g e r  f u e l  sav ings i s  p o s s i b l e  
a t  Mach 0.7 c r u i s e  (which i s  represented  by t h e  t o p  o f  t h e  band i n  f i g .  2 ) .  
A t  t h i s  lower c r u i s e  speed, f u e l  savings range f rom about 20 percent  t o  near 
30 percent .  Even l a r g e r  f u e l  sav ings may be p o s s i b l e  by recove r ing  t h e  p ro -  
p e l l e r  s w i r l  l oss  f rom these s i n g l e - r o t a t i o n  turboprops.  S w i r l - r e c o v e r y  vanes 
and c o u n t e r - r o t a t i o n  a r e  two promis ing  concepts f o r  recove r ing  the  s w i r l  l o s s .  
I n  a d d i t i o n ,  advanced a i r f o i l s  can a l s o  improve perfomance. A l l  these concepts 
a r e  c u r r e n t l y  under s tudy a t  NASA Lewis and i n  the  i n d u s t r y .  

I n  view o f  t h e  a t t r a c t i v e  f u e l - s a v i n g s  p o t e n t i a l  o f  t h e  advanced h igh-  
speed tu rboprop p r o p u l s i o n  system, NASA Lewis has e s t a b l i s h e d  the  Advanced 
Turboprop Program. Th is  major  research  and technology program ( r e f .  2) 
es tab l i shes  t h e  technology base r e q u i r e d  t o  l ead  t o  t h e  a p p l i c a t i o n  o f  t h e  
advanced turboprop-propulsion-system concept. One phase o f  t h i s  o v e r a l l  
program was t o  e s t a b l i s h  t h e  low-speed aerodynamic performance o f  t h e  SR-2 and 
SR-3 p r o p e l l e r  models i n  t h e  t a k e o f f ,  i n i t i a l  c l imbou t ,  and l a n d i n g  speed 
reglmes. ?he f l r s t  model (shown mounted i n  t h e  wind tunne l  i n  f i g .  3)  had 
s t r a i g h t  blades, w h i l e  the  second model ( f i g .  4)  had 45"  o f  b lade sweep f o r  
lower no i se  and improved p r o p e l l e r  e f f i c i e n c y .  Both p r o p e l l e r  models were 
t e s t e d  I n  t h e  NASA Lewis 10- by 10-Foot Supersonic Wind Tunnel on t h e  Lewis 
p r o p e l l e r  t e s t  r i g .  Th i s  r e p o r t  p resents  the  d e t a i l e d  w ind- tunne l  t e s t  r e s u l t s  
o f  t he  two p r o p e l l e r s  i n  the  t a k e o f f ,  c l imb,  and l a n d i n g  speed regimes (Mach 
0.10 t o  0 .34 ) .  A summary o f  t h i s  r e p o r t  can be found i n  re fe rence  3. Prev ious 
'w ind- tunnel  t e s t s  have measured t h e  performance o f  these p r o p e l l e r s  p r i m a r i l y  
i n  the  h ighe r  speed regime o f  Mach 0.60 t o  0.85 ( r e f s .  1 and 4 ) .  
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AERODYNAMIC DESIGN CONCEPTS AND MODEL DESCRIPTION 

. 
To ach ieve  t h e  p r e v i o u s l y  descr ibed f u e l  savings, t h e  p r o p e l l e r  on t h e  

advanced tu rboprop would have t o  i n c o r p o r a t e  a number o f  un ique des ign  fea tu res  
t h a t  would enhance p r o p e l l e r  performance and lower source no ise .  These unique 
des ign  f e a t u r e s  a r e  r e q u i r e d  t o  reduce b l a d e - c o m p r e s s l b l l i t y  losses  and a t t a i n  
h i g h  e f f i c i e n c y  i n  t h e  t ranson ic  Mach number regime. A p r o p e l l e r  designed f o r  
a c r u i s e  Mach number o f  0.80 a t  an a l t i t u d e  above 9.144 km ( 3 0  000 f t )  would 
have l o c a l  b lade Mach numbers f rom j u s t  over  0.8 a t  t h e  b lade hub t o  supersonic 
(near  1.15) a t  t h e  b lade t i p .  The i n h e r e n t  d e t r i m e n t a l  e f f e c t s  o f  these h i g h  
Mach numbers on performance a r e  negated by t h e  des ign  concepts shown i n  f i g -  
u r e  5. These concepts i n c l u d e  proper  shaping o f  t h e  n a c e l l e  t o  reduce inboard-  
b lade  Mach number, b lade sweep t o  reduce outboard-blade l o c a l  Mach number, 
t h i n n e r  blades t o  Increase d r a g - r i s e  Mach number, and sp inner  area r u l i n g  t o  
p reven t  inboard  b lade  choking. To h o l d  p r o p e l l e r  d iameter  t o  a reasonable 
value, a h i g h  power ( o r  d i s k )  load ing ,  and concomi tan t ly ,  a l a r g e  number o f  
b lades ( e i g h t  o r  t e n )  and increased chord l e n g t h  a r e  requ i red .  The inboard  
p o r t i o n  o f  t h e  p r o p e l l e r  then operates as a cascade r a t h e r  than as i s o l a t e d  
b lades.  These des ign  concepts a r e  i nco rpo ra ted  i n  t h e  two model p r o p e l l e r s  
t h a t  a r e  descr ibed i n  more d e t a i l  i n  t h i s  r e p o r t .  

The p r o p e l l e r  models ( f i g s .  3 and 4) were bo th  designed f o r  an o p e r a t i n g  
c o n d i t i o n  o f  Mach 0.80, a 10.668-km (35 0 0 0 - f t )  I .S .A.  a l t i t u d e ,  a 243.8--m/s 
( 8 0 0 - f t / s e c )  t i p  speed, and a power l oad ing  o f  301 k W / d  (37.5 shp / f t 2 ) .  
Bo th  models have a d iameter  o f  0.622 m (24.5 I n . ) ,  which was determined by t h e  
des ign  power l oad ing .  The o v e r a l l  des ign  c h a r a c t e r i s t i c s  and p lanforms o f  t h e  
two models a r e  presented i n  t a b l e  I .  

The aerodynamic, con ic -cor rec ted ,  blade-shape c h a r a c t e r i s t i c s  t h a t  a r e  
a long  t h e  mean f l o w  s t reaml ines  a re  presented f o r  t h e  SR-2 p r o p e l l e r  i n  f i g -  
u r e  6 and f o r  t h e  45O-swept SR-3 p r o p e l l e r  i n  f i g u r e  7.  The th ickness  r a t i o  
t / b ,  t w i s t  AB, des ign  l i f t  c o e f f i c i e n t  CLD, and p lan fo rm b/D d i s t r i b u t i o n  
were e s t a b l i s h e d  t o  p r o v i d e  a l oad ing  d i s t r i b u t i o n  a t  t h e  des ign  c o n d i t i o n  f o r  
h i g h  e f f i c i e n c y ,  and f o r  t h e  SR-3 p r o p e l l e r ,  low no ise  as w e l l .  ( A l l  symbols 
a r e  a l s o  d e f i n e d  i n  appendix A.) 

The a i r f o i l  sec t i ons  se lec ted  f o r  t h e  S R - 2  and SR-3 b lade des lgn  a r e  NACA 
Ser ies  16, f rom t h e  t i p  t o  t h e  45 -  and 53 -pe rcen t  rad ius ,  r e s p e c t i v e l y ,  and 
NACA Ser ies  65 w i t h  c i r c u l a r  a rc  ( C A )  camber l i n e s ,  f rom the  37-percent  r a d i u s  
t o  t h e  r o o t  ( w i t h  a t r a n s i t i o n  f a i r i n g  between them). These a i r f o i l s  were 
chosen f o r  t h e i r  h i g h  c r i t i c a l  Mach numbers and t h e i r  wide, l ow-d rag  buckets .  

The a rea - ru led  sp inners  and n a c e l l e  l i n e s  ( t a b l e  11) a r e  designed t o  
a l l e v i a t e  b l a d e - r o o t  chok ing and min imize  c o m p r e s s i b i l i t y  drag r i s e .  The 
sp inners  i n c o r p o r a t e  area r u l i n g  and b lend i n t o  t h e  n a c e l l e .  l h e  n a c e l l e  has 
a maximum diameter  equal t o  35 percent  o f  t h e  model p r o p e l l e r  d iameter .  

The re fe rence  d iameter  Dref o f  62.2 cm (24.5 i n . )  was t h e  same f o r  
b o t h  models. The d iameter  o f  t h e  s t r a i g h t - b l a d e  SR-2 p r o p e l l e r  changed neg- 
l i g i b l y  as b lade  ang le  o r  t i p  speed was va r ied .  The d iameter  of t h e  v a r i a b l e -  
p i t c h  p r o p e l l e r  w i t h  swept b lades changed s l i g h t l y  as t h e  b lade ang le  and 
r o t a t i o n a l  speed were va r ied ,  as shown i n  f i g u r e  8. Th is  smal l  change occur red  
because t h e  b lade t i p  t r a v e l e d  o u t  o f  t he  a x i a l - r a d i a l  p lane and, as such, was 
'not e q u i v a l e n t  t o  a t r u e  r a d i a l - d i a m e t e r  inc rease.  Therefore,  t h e  re fe rence  
d iameter  Dref o f  0.622 m (24.5 i n . )  was se lec ted  t o  d e f i n e  t h e  re fe rence  

3 



I l ower  c o e f f i c i e n t  Cp, t h r u s t  c o e f f i c i e n t  C ~ , r e f ,  and advance r a t i o  J re f  
I used i n  t h e  bas i c  performance maps. 

I 
I The performance da ta  were acqu i red  f o r  a model c o n f i g u r a t i o n  which had t h e  

I r e s e n t a t i v e  o f  a f u l l - s c a l e  p r o p e l l e r .  (More des ign  i n f o r m a t i o n  may be found 

gaps between t h e  p r o p e l l e r  b lade r o o t s  and t h e  hub su r face  sealed. 
were d i s p r o p o r t i o n a t e l y  l a r g e  f o r  t h e  model and were sealed t o  be more rep-  

i n  r e f s .  1, 4 and 5.) 

The gaps 

~ I TEST FACILITIES 

I Wind Tunnel 

The SR-2 and SR-3 p r o p e l l e r  model t e s t s  were conducted i n  t h e  NASA Lewis 
10- by 10-Foot Supersonic Wind Tunnel. Th i s  tunne l  ( r e f .  6 )  i nco rpo ra tes  a 
13.12-111- ( 4 0 - f t - )  long, s o l i d - w a l l  t e s t  sec t i on .  Nominal t e s t - s e c t i o n  Mach 
numbers can vary  subson ica l l y  f rom 0.10 t o  0.34 and s u p e r s o n i c a l l y  f rom 2.0 t o  
3.5. For t h i s  t e s t  program, t h e  tunne l  was r u n  i n  t h e  aerodynamic c y c l e  r a t h e r  
than t h e  p r o p u l s i o n  c y c l e .  Dur ing  t h e  aerodynamic cyc le ,  t h e  tunne l  i s  oper- 
a ted  as a c losed system w i t h  makeup a i r  added o n l y  as r e q u i r e d  t o  m a i n t a i n  t h e  
d e s i r e d  tunne l  c o n d i t i o n s .  The f ree-s t ream v e l o c i t y  c o r r e c t i o n s  due t o  t h e  
p r o p e l l e r  t h r u s t  i n  t h i s  s o l i d - w a l l  t unne l  a r e  d iscussed i n  d e t a i l  i n  
appendix 8. 

P r o p e l l e r  Tes t  R ig  

The 746-kW (1000-hp) p r o p e l l e r  t e s t  r i g  (PTR) was designed and developed 
s p e c i f i c a l l y  f o r  conduct ing  research  on advanced p r o p e l l e r s  i n  t h e  Lewis 10- 
by 1 0 - f t  and 8- by 6 - f t  wind tunne ls .  The PTR was strut-mounted f rom t h e  
c e i l i n g  i n  t h e  tunne l  t e s t  s e c t i o n .  F igu re  4 shows t h e  PTR and t h e  SR-3 model 
i n  t h e  tunne l ,  and a cutaway view o f  t h e  PTR i s  presented i n  f i g u r e  9. The 
model i s  d r i v e n  by a th ree -s tage  a i r  t u r b i n e  us ing  h igh -p ressu re  (3.1x106-N/m2 
( 4 5 0 - p s i ) )  a i r  which i s  heated t o  367 K (660 OR). l h e  t u r b i n e  i s  capable o f  
d e l i v e r i n g  n e a r l y  746 kW (1000 hp) t o  t h e  p r o p e l l e r  model. 

The PTR f o r c e  measuring system inc ludes  two separate a x i a l - f o r c e  measuring 
systems. The pr imary  system i s  a r o t a t i n g  balance which measures t h e  t h r u s t  
and to rque  o f  t h e  p r o p e l l e r  and sp inner .  The second system inc ludes  a l oad  
c e l l  l oca ted  i n  t h e  v e r t i c a l  s t r u t .  When c o r r e c t e d  f o r  i n t e r n a l  f o rces ,  b o t h  
systems measure o n l y  p r o p e l l e r  b lade and sp inner  fo rces .  Model p a r t s  ( o t h e r  
than t h e  sp inner  and b lades)  t h a t  a r e  be ing  measured by t h e  s t ru t -mounted load  
c e l l  a r e  sh ie lded  f rom t h e  f ree-s t ream tunne l  a i r  by a windscreen ( f i g .  9 ) .  

Ex tens ive  s t a t i c  c a l i b r a t i o n s  o f  t h e  load c e l l  and r o t a t i n g  balance were 
done. The load  c e l l  was c a l i b r a t e d  s t a t i c a l l y  f o r  t h r u s t  i n  t h e  -890 t o  3559 N 
(-200 t o  t800 l b f )  ope ra t i ng  range. The r o t a t i n g  balance was a l s o  c a l i b r a t e d  
s t a t i c a l l y  f o r  t h r u s t ,  -1557 t o  3559 N ( -350  t o  800 l b f )  and torque,  0 t o  813 J 
( 0  t o  600 f t - l b f ) .  

Two dynamic c a l i b r a t i o n s  o f  t h e  r o t a t i n g  balance were done. The f i r s t  
. c a l i b r a t i o n  was performed w i t h  o n l y  t h e  sp inner  i n s t a l l e d ,  and i t  measured the  
e f f e c t  o f  r o t a t i o n a l  speed on t h e  t h r u s t  and to rque ou tpu t  o f  t h e  r o t a t i n g  
balance. The second c a l i b r a t i o n  was performed w i t h  t h e  p r o p e l l e r  blades I 
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i n s t a l l e d ,  and i t  measured t h e  e f f e c t  of r o t a t i o n a l  speed on t h e  t h r u s t  ou tpu t  
o f  t h e  r o t a t i n g  balance. 

Both s t a t i c  and dynamic c a l i b r a t i o n s  were repeated severa l  t imes.  More- 
over, t he  c a l i b r a t i o n s  were performed before ,  dur ing ,  and a f t e r  t h e  t e s t s  t o  
assure t h a t  no changes occurred d u r i n g  t h e  t e s t s .  

Pressure Ins t rumen ta t i on  

A t o t a l  o f  165 PTR pressures and 31 tunne l  pressures were measured and 
d i g i t i z e d  w i t h  a measurement system which used i n d i v i d u a l  t ransducers f o r  each 
pressure measurement. 
( t a b l e  I11 and f i g .  10 ) .  These measurements were necessary t o  o b t a i n  the  
p r o p e l l e r  apparent t h r u s t  f rom the  balance a x i a l - f o r c e  measurements. 
p ressure  measurements were made on the  sur face  o f  the  n a c e l l e .  
ments i nco rpo ra ted  f o u r  az imuthal  rows o f  s t a t i c - p r e s s u r e  taps a t  t h e  coo rd i -  
nates l i s t e d  i n  t a b l e  111. Nace l le  pressures were measured f o r  each t e s t  
performance p o i n t  and f o r  spec ia l  t a r e  runs.  
s p e c i a l  sp inner  which had no b lade ho les .  These measurements were used t o  
o b t a i n  an incrementa l  nace l le -pressure  f o r c e  and, w i t h  t h e  apparent t h r u s t  
va lues,  p rov ided t h e  requ i red  n e t  t h r u s t  values f o r  t h e  model p r o p e l l e r .  These 
t e s t i n g  procedures a re  discussed i n  more d e t a i l  i n  t he  nex t  s e c t i o n  and i n  
appendix C.  

Some pressure measur.ements were made i n s i d e  t h e  PTR 

Other 
These measure- 

The t a r e  runs were made w I t h  a 

As w e l l  as a c q u i r i n g  and d i g i t i z i n g  the  balance and pressure data,  about 
20 temperatures were measured w i t h  thermocouples and d i g i t i z e d  us ing  t h e  Lewis 
da ta  system. Then, a l l  o f  these d i g i t i z e d  data were sent t o  t h e  Escor t  I 1  
d a t a - a c q u i s i t i o n  system which recorded t h e  data.  
t o  t h e  IBM-370 computer t o  c a l c u l a t e  t h e  des i red  parameters. 
torque,  and measurements o f  a x i a l  f o r c e  were f i l t e r e d  be fo re  they were recorded. 
A l l  o f  t h e  reduced wind- tunnel  and PTR data were a v a i l a b l e  i n  about 7 sec. 

F i n a l l y ,  t h e  data were sent 
R o t a t i o n a l  speed, 

PROPELLER NET F O R C E  MEASUREMENTS 

The n e t  p r o p e l l e r  t h r u s t  Is  de f ined  as the  p r o p u l s l v e  f o r c e  o f  the  blades  
opera t i ng  i n  t h e  presence o f  t he  sp inner  and n a c e l l e  f l o w  f i e l d  w i t h o u t  t he  
inc rease i n  t h r u s t  ( i . e . ,  apparent t h r u s t )  due t o  the  mutual  I n t e r a c t i o n  among 
t h e  p r o p e l l e r  b lades, t h e  sp inner ,  and t h e  nace l l e .  

To determine the  d i f f e r e n c e  between apparent and ne t  t h r u s t ,  model t a r e  
t e s t s  were made f i r s t  w i t h o u t  the  p r o p e l l e r  b lades t o  eva lua te  bo th  t h e  
ex te rna l - sp inne r  aerodynamic drag and the  nace l le -pressure  drag. 

I n  these t a r e  t e s t s ,  t h e  sp inner  was rep laced by a dummy hub hav ing no 
ho les  f o r  t h e  b lades.  A spec ia l  se r ies  o f  exper imenta l  runs was made w i t h o u t  
t he  blades t o  d e f i n e  the  sp inner  aerodynamic and nace l le -pressure  drag f o r  the 
same range o f  tunne l  Mach numbers as would be t e s t e d  w i t h  t h e  model blades. 
A s  shown i n  f i g u r e  11, t he  sp inner  drag DST was measured d i r e c t l y  f rom t h e  
f o r c e  balance and was co r rec ted  f o r  t he  i n t e r n a l - p r e s s u r e  area fo rces .  The 
nace l l e -p ressu re  drag  DNT was determined by pressure i n t e g r a t i o n  o f  t he  
l o n g i t u d i n a l  rows o f  area-weighted pressure o r i f i c e s .  Spinner aerodynamic 
drag and nace l le -pressure  drag c o e f f i c i e n t s  obta ined i n  these t a r e  t e s t s  a re  
shown i n  f i g u r e s  12 and 13. 
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With the blades installed and thrusting, the force balance measures the 
algebraic sum of the propeller thrust, the spinner drag, and the internal- 
pressure area forces. The model forces are as shown i n  figure 14. The 
uncorrected propeller thrust Tprop (fig. 14) is defined as follows: 

TProP = F8 - C P A i n t  t DS 

When this uncorrected propeller thrust is corrected for the change i n  spinner 
drag ADS between the powered data (fig. 14) and the tare data (fig. ll), 

ADS = 0s - DST 

the apparent thrust of the propeller is obtained from 

Tapp = Tprop - h0.s 

or 

where 
from nacelle surface pressure integrations: 

PAint = (p - po) Aint. Next the nacelle pressure drag is obtained 

DN =I (P - PO) d A  

Then the change i n  nacelle pressure drag, A D N ,  is obtained from the difference 
between these and the tare run pressure integrations: 

And finally, the net thrust is obtained by subtracting the change in nacelle- 
pressure drag from the apparent thrust: 

Tnet = Tapp - ADN 

TkST DESCRIPl I O N  

The SR-2 and SR-3 propeller models were tested at zero angle of attack 
over a range of Mach numbers from 0.10 to 0.34 and blade angles from 2 4 . 6 "  to 
6 2 . 1 " .  R0.75~ 
becomes 90" when the chord of that airfoil section is aligned directly with the 
flight direction. At each blade angle, model thrust and power were measured 
over a range of Mach numbers and rotational speeds. The blade-angle/Mach num- 
ber combinations tested are listed in table I V  for the SR-2 propeller and in 
table V for the SR-3 propeller. 
measurements were taken over an rpm range from the windmilling value to 9000 
rpm (the maximum rpm allowed by blade-stress limitations). Each rotational 
speed setting constituted a test point. 

The blade angle measured at 75 percent of the propeller radius 

At each blade-angle/Mach number combination, 

A special test procedure was adopted based on using measurements from both 
the rotating balance and the strut-mounted load cell shown in figure 9. This 
procedure was required to overcome a slow thermal drift in the thrust reading 
of the rotating balance, which was apparently due to heat generated by its 
bearings. A n  initial series of wind-tunnel runs was made to establish 
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re fe rence  w i n d m i l l  drags f o r  each blade-angle/Mach number combinat ion by us ing  
t h e  s t ru t -mounted f o r c e  system. Dur ing  t h i s  t e s t i n g ,  t o  min imize  any e r r o r s  
due t o  tunne l  a i r  pass ing  over  t h e  m e t r i c  p a r t s  o f  t h e  model, a cover  p l a t e  was 
i n s t a l l e d  on t h e  a f t  end o f  t h e  model. A f t e r  t h e  re fe rence  w i n d m i l l  drags were 
es tab l i shed ,  inc rementa l  t h r u s t  da ta  were ob ta ined by us ing  t h e  r o t a t i n g  b a l -  
ance i n  a w indmi l l -power -w indmi l l  t e s t  sequence. A t  each d e s i r e d  power p o i n t ,  
t h e  model was f i r s t  w indmi l led ,  a power p o i n t  was taken, and then a second 
w i n d m i l l  p o i n t  was taken.  An incrementa l  p r o p e l l e r  t h r u s t  which min imized any 
thermal  d r i f t  e r r o r s  was ob ta ined by s u b t r a c t i n g  t h e  average o f  t h e  two 
ro ta t i ng -ba lance  w i n d m i l l  p o i n t s  f rom t h e  t h r u s t  a t  t h e  power p o i n t .  I n c r e -  
menta l  t h r u s t s  thus determlned were added t o  t h e  re fe rence  w i n d m i l l  drags which 
were determined i n  t h e  e a r l i e r  t e s t s  w i t h  t h e  s t ru t -mounted  f o r c e  system t o  
e s t a b l i s h  t h e  f i n a l  t h r u s t  va lues f o r  each power p o i n t .  Th is  procedure was 
repeated f o r  each blade-angle/Mach number combinat ion.  Torque was determined 
d i r e c t l y  f rom t h e  r o t a t i n g  balance as i t  was n o t  s e n s i t i v e  t o  thermal  e f f e c t s .  

A f u r t h e r  e x p l a n a t i o n  o f  t h i s  procedure, a long  w i t h  t h e  equat ions used, 
i s  g i ven  i n  appendix C.  A d i r e c t  comparison o f  p r o p e l l e r  performance u s i n g  
t h i s  procedure, w i t h  measurements f rom another  p r o p e l l e r  t e s t  r i g  i n  a second 
wind tunne l  ( r e f .  7 )  i s  a l s o  shown i n  appendix C.  The agreement i s  good. 

RESULTS 

Takeof f ,  Climb, and Landing Performance 

The SR-2 and SR-3 exper imenta l  da ta  f o r  f ree -s t ream Mach numbers of .O. lO,  
0.20, 0.27, and 0.34 a r e  presented i n  f i g u r e s  15 t o  38. A group o f  t h r e e  pe r -  
formance f i g u r e s  a r e  shown f o r  each t e s t  Mach number. 
group summarizes t h e  p r o p e l l e r  performance. I t  i s  a p r o p e l l e r  performance map 
which presents  t h e  p r o p e l l e r  n e t  e f f i c i e n c y  nnet  and re fe rence  power coef -  
f i c i e n t  Cp,ref f o r  a g i ven  Mach number and advance r a t i o  J re f  and b lade 
ang le .  The second f i g u r e  o f  t h e  group shows t h e  p r o p e l l e r  n e t  e f f i c i e n c y  nnet  
as a f u n c t i o n  o f  t h e  re fe rence  advance r a t i o  f o r  t h e  same b lade  angles.  
And, t h e  t h i r d  f i g u r e  o f  t he  group i l l u s t r a t e s  t h e  re fe rence  power c o e f f i c i e n t  
C p , r e f  as a funct’ ion of t he  re fe rence advance r a t i o  J r e f  f o r  t h e  same b lade  
ang les .  

The f i r s t  f i g u r e  i n  each 

J re f  

Dur ing  t h e  t e s t i n g ,  no abnormal p r o p e l l e r  behav io r  was encountered. The 
da ta  f o r  bo th  t h e  SR-2 and t h e  SR-3 p r o p e l l e r  were normal except f o r  some 
b lade-ang le  t o  b lade-angle v a r i a b i l i t y  i n  t h e  peak e f f i c i e n c y .  

The v a r i a b i l i t y  i n  peak e f f i c i e n c y  was caused by t h e  i n a b i l i t y  o f  t h e  
l a r g e  4448 N ( 1 0 0 0 - l b f )  PTR balance t o  a c c u r a t e l y  measure t h e  smal l  t h r u s t  
f o r c e s  which e x i s t  a t  p e a k - p r o p e l l e r - e f f i c i e n c y  c o n d i t i o n s .  f o r  example, a 
t y p i c a l  t h r u s t  o f  89 N (20  l b f )  a t  peak e f f i c i e n c y  r e q u i r e s  0.89 N ( 0 . 2 - l b f )  
accuracy f rom t h e  4448 N ( 1 0 0 0 - l b f )  PTR balance t o  o b t a i n  a 1-percent  accuracy 
i n  e f f i c i e n c y .  A t  p r a c t i c a l  ope ra t i ng  cond i t i ons ,  t he  p r o p e l l e r  t h r u s t  l e v e l s  
a r e  i n  t h e  890- t o  2669-N (200- t o  6 0 0 - l b f )  range, and thus,  t h e  v a r i a b i l i t y  
problem w i t h  ex t remely  low t h r u s t  does n o t  e x i s t .  

Other exper imenta l  da ta  ob ta ined by Hami l ton Standard a t  Mach 0.20 i n  t h e  
Un i ted  Technologies Research Center tunne l  were a v a i l a b l e  f o r  comparison w i t h  
. the  da ta  presented i n  t h i s  r e p o r t .  These comparisons f o r  t h e  SR-2 and SR-3 
p r o p e l l e r s  a r e  shown i n  f i g u r e s  39 t o  42. I n  these f i g u r e s ,  t h e  da ta  compare 
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w e l l ,  as i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  s p e c i f i c  comparisons, where l i n e a r  
i n t e r p o l a t i o n s  o f  b lade angles were used t o  make t h e  comparison. A t  t h e  
t a k e o f f  advance r a t i o  o f  0.875 and a power c o e f f i c i e n t  o f  1.00, t h e  measured 
SR-2 p r o p e l l e r  n e t  e f f i c i e n c y  was 50.2 percent  a t  Lewis compared w i t h  49.7 
percent  a t  Hami l ton Standard. S i m i l a r l y ,  t h e  measured SR-3 t a k e o f f  p r o p e l l e r  
n e t  e f f i c i e n c y  was 54.9 percent  a t  Lewis compared w i t h  54.2 percent  a t  Hami l ton 
Standard. The da ta  agreement i s  good, e s p e c i a l l y  when one considers t h a t  t h e  
da ta  were acqu i red  w i t h  two d i f f e r e n t  p r o p e l l e r  t e s t  r i g s ,  two d i f f e r e n t  t e s t  
techniques,  and two d i f f e r e n t  wind tunne ls .  

From the  da ta  presented i n  f i g u r e s  15 t o  38, t h e  performance o f  t h e  
s t r a i g h t - b l a d e  SR-2 p r o p e l l e r  can be compared w i t h  t h a t  o f  t he  45O-swept SR-3 
p r o p e l l e r  a t  f o u r  low-speed opera t i ng  c o n d i t i o n s .  

When an a i r p l a n e  i s  a c c e l e r a t i n g  down the  runway, a r e p r e s e n t a t i v e  con- 
d i t i o n  would be a Mach number o f  0.10, an advance r a t i o  o f  0.438, and a power 
c o e f f i c i e n t  o f  0.50. A t  t h i s  c o n d i t i o n ,  t h e  45O-swept SR-3 p r o p e l l e r  des ign 
has an e f f i c i e n c y  o f  43.5 percent ,  compared w i t h  38.6 percent  f o r  t h e  s t r a i g h t  
SR-2 p r o p e l l e r  design, a 4.9-percent advantage. 

Near l i f t - o f f ,  t h e  Mach number would be approx imate ly  0.20, t h e  advance 
r a t i o  0.875, and t h e  power c o e f f i c i e n t  1.00. A t  t h i s  c o n d l t l o n ,  t h e  swept SR-3 
p r o p e l l e r  has a n e t  e f f i c i e n c y  of 54.9 percent  compared w i t h  50.2 percent  f o r  
t he  SR-2 p r o p e l l e r ,  a 4.7-percent advantage. 

When t h e  a i r p l a n e  i s  s t a r t i n g  i t s  i n i t i a l  c l imbout ,  a t y p i c a l  ope ra t i ng  
c o n d i t i o n  would be a Mach number o f  0.27, an advance r a t i o  o f  1.16, and a power 
c o e f f i c i e n t  o f  1.37. Again, t h e  45O-swept SR-3 p r o p e l l e r  n e t  e f f i c i e n c y . i s  
s i g n i f i c a n t l y  h igher  ' than the  SR-2 p r o p e l l e r  n e t  e f f i c i e n c y  w i t h  a va lue  o f  
57.2 compared w i t h  52.9 percent ,  a 4.3-percent advantage. 

And, f i n a l l y ,  when t h e  a i r p l a n e  i s  f a r t h e r  i n t o  i t s  c l imbout ,  a represen- 
t a t i v e  c o n d i t i o n  would be a Mach number o f  0.34, an advance r a t i o  o f  1.40, and 
a power c o e f f i c i e n t  o f  1.70. 
n e t  e f f i c i e n c y  i s  59.1 percent ,  compared w i t h  53.7 percent  f o r  t he  s t r a i g h t  
SR-2 p r o p e l l e r ,  a 5.4-percent advantage. 

A t  t h i s  c o n d i t i o n ,  t he  45O-swept SR-3 p r o p e l l e r  

Thus, t h e  measured da ta  show t h a t  i n  the  low-speed opera t i ng  regime, the  
45O-swept SR-3 p r o p e l l e r  n e t  e f f i c i e n c y  exceeded the  ne t  e f f i c i e n c y  o f  t he  
s t r a i g h t - b l a d e  SR-2 p r o p e l l e r  by about 4 t o  5 percent .  The SR-3 performance 
improvement over the  SR-2 performance was due t o  a h igher  des ign l i f t  d i s t r i -  
b u t i o n  CLD and a h igher  a c t i v i t y  f a c t o r  AF.  Both o f  these f a c t o r s  a l lowed 
t h e  p r o p e l l e r  a i r f o i l s  t o  absorb a g iven amount o f  power a t  a lower ang le  o f  
a t t a c k  and, thus,  a t  a h igher  l i f t - t o - d r a g  r a t i o .  

Reverse Thrus t  

I n  v iew o f  t he  importance o f  reve rse - th rus t  capab i l - l t y  o f  t he  p ropu ls ion  
system on t r a n s p o r t  a i r c r a f t ,  the  r e v e r s e - t h r u s t  c h a r a c t e r i s t i c s  o f  t h e  45' 
swept SR-3 p r o p e l l e r  were i n v e s t i g a t e d  a t  Mach 0.10 and 0.20. 
was se t  a t  -6.8'. Because o f  mechanical i n t e r f e r e n c e ,  t h i s  reverse  b lade 
angle was the  maximum t h a t  cou ld  be achieved w i t h  the  model. 
.are presented i n  f i g u r e s  43 and 44  i n  terms o f  power and t h r u s t  c o e f f i c i e n t s  
as a f u n c t i o n  o f  advance r a t i o .  I n  f i g u r e  45, t he  reverse  t h r u s t  i s  d i v i d e d  

The b lade angle 

The t e s t  r e s u l t s  
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by t h e  t a k e o f f  t h r u s t  a t  Mach 0.20. 
o f  v e l o c l t y  f o r  the w l n d m l l l i n g  and the  powered SR-3 p r o p e l l e r .  
a curve  f o r  a t y p i c a l  t u r b o f a n  engine i s  a l s o  shown i n  t h i s  f i g u r e .  
show t h a t  bo th  t h e  w i n d m i l l i n g  and t h e  powered SR-3 p r o p e l l e r  produce more 
reverse  t h r u s t  than t h a t  o f  a t y p i c a l  t u rbo fan  engine a t  Mach 0.20. Thus, t he  
advanced SR-3 e lgh t -b lade  p r o p e l l e r  I s  capable o f  producing t h e  l a r g e  break ing  
fo rces  des i red  f o r  t r a n s p o r t  a i rp lanes .  

This  parameter i s  presented as a f u n c t i o n  
For re ference,  

The curves 

SUMMARY OF RESULTS 

Two a d j u s t a b l e - p i t c h  advanced tu rboprop -p rope l l e r  models ( t h e  s t r a i g h t -  
b lade SR-2 and t h e  45O-swept SR-3) were i n s t a l l e d  i n  t h e  NASA Lewis 10- by 
10-Foot Supersonic Wind Tunnel and were performance tes ted  a t  subsonic condi -  
t l ons  (Mach 0.10 t o  0.34) corresponding t o  t y p i c a l  t a k e o f f ,  i n i t i a l  c l imbout ,  
and land ing  speeds. The f o l l o w i n g  r e s u l t s  were obta ined:  

1. No abnormal low-speed (Mach 0.10 t o  0.34) ope ra t i ng  problems were found 
w i t h  e i t h e r  t h e  s t r a i g h t - b l a d e  SR-2 o r  t h e  45O-swept SR-3 p r o p e l l e r s .  

2 .  The 45O-swept p r o p e l l e r  was more e f f i c i e n t  than t h e  s t r a i g h t - b l a d e  SR-2 
p r o p e l l e r  a t  a l l  low-speed opera t i ng  cond i t i ons .  The 45" SR-3 swept -p rope l le r  
n e t  e f f i c i e n c y  exceeded t h e  e f f i c i e n c y  o f  t he  s t r a i g h t - b l a d e  SR-2 p r o p e l l e r  by 
about 4 t o  5 
s u m a r i  zed be 

( a )  
J = 0.875 and 
had a n e t  e f f  

e rcen t .  Two o f  t he  low-speed opera t i ng  c o n d i t i o n s  a re  
ow : 

A t  t h e  Mach 0.20 t a k e o f f  l i f t - o f f  c o n d i t i o n  (advance r a t i o  
power c o e f f i c i e n t  Cp = l .O) ,  t h e  s t r a i g h t - b l a d e  SR-2 p r o p e l l e r  
c iency  o f  50.2 percent ,  w h i l e  t h e  45O-swept SR-3 p r o p e l l e r  had a 

(b )  A t  t h e  Mach 0.34 c l imbout  c o n d i t i o n  ( J  = 1.40 and 

n e t  e f f i c i e n c y  o f  54.9 percent .  The swept SR-3 advantage was 4 . 7  percent .  

Cp = 1.70), 
L L .  - L . - - I - L L  L - I - A .  rr\ c. - . . _ _ _ - l 7 - . .  L - >  - _ - L  - r r 1 - 1 - _ - . _  - L  7 _ - _ - _ _ I  . . L X 1 -  r n e  s r ra ignr -Dtaae 3 ~ - L  p r o p e l l e r  naa a n e t  erriciency or 35.1 percent ,  w n i i e  
t h e  45O-swept SR-3 p r o p e l l e r  had a ne t  e f f i c i e n c y  o f  59.1 percent .  The swept 
SR-3 advantage was 5.4 percent .  

i n d i c a t e s  t h a t  these new p r o p e l l e r s  a re  capable o f  producing more reverse  
t h r u s t  than t h a t  o f  a t y p i c a l  t r a n s p o r t  t u rbo fan  engine a t  Mach 0.20. 

3 ,  The l a r g e  amount o f  reverse  t h r u s t  measured f o r  t h e  SR-3 p r o p e l l e r  

9 



APPENDIX A - SYMBOLS 

area A 

AF 

AN 

b 

CA 

'LD 

c L i  

dA 

FB 

J 

M 

n 

P 

PA 

P 

.q 

R 

b lade  a c t i v i t y  f a c t o r ,  6250 (" (b/D)(r/R)3 d(r /R)  

r/R 
a t  hub 

maximum n a c e l l e  area, 383.527 cm2 (59.447 in .2 )  

e lementa l  b lade chord, m 

c i r c u l a r  a rc  

b lade  des ign  l i f t  c o e f f i c i e n t  
i n  
I . v  

i n t e g r a t e d  des lgn  l i f t  c o e f f i c i e n t ,  4 [ CLg ( r / R ) 3  d ( r /R)  

advance r a t i o ,  Vo/nD 

Mach number 

r o t a t i o n a l  speed, rps  

power, W 

p ressure  fo rces ,  ( p  - po)  x Area, N 

pressure,  N/cm2 

dynamic pressure,  N/cm2 

p r o p e l l e r  rad ius ,  rn 

10 

J r/R 
a t  hub 

power c o e f f i c i e n t ,  P/p0n3D5 

t h r u s t  c o e f f i c i e n t ,  T/pon2D4 

p r o p e l l e r  diameter, m 

n a c e l l e  drag, N 

n a c e l l e  t a r e  drag, N 

sp inner  drag, N 

sp inner  t a r e  fo rce ,  N 

e lementa l  area, m2 

f o r c e  balance, N 



RN 

r 

r / R  

T 

TProP 

t 

V 

X 

xw 

13 

At3 

00.75R 

11 

P 

n a c e l l e  maximum rad ius ,  11.05 cm (4.35 in . )  

rad ius ,  in 

f r a c t i o n a l  r a d i u s  

t h r u s t ,  N 

uncor rec ted  p r o p e l l e r  t h r u s t ,  N 

elemental  b lade maximum th ickness ,  m 

v e l o c l  t y ,  m/sec 

a x i a l  d is tance,  m 

a x i a l  d i s t a n c e  from t h e  p r o p e l l e r  plane, m 

b lade angle, deg 

change i n  b lade ang le  f rom ang le  a t  75 percent  o f  b lade rad ius ,  
deg 

s t a t i c  p r o p e l l e r  b lade ang le  a t  75 percent  of b lade  rad ius ,  deg 

e f f i c i e n c y ,  ( T V o / P )  x 100, percent  

mass d e n s i t y ,  kg/m3 

Subsc r ip t s :  

aPP apparent 

i n t  l n t erna 1 

N n a c e l l e  

0 t unne l  f ree-s t ream c o n d l t l o n  

r e f  re fe rence,  based on 62.2-cm (24.5-1n.) re fe rence  diameter 

S s t a t i c  

T t a r e  

W w i  ndmi 1 1 

11 



APPENDIX B - FREE-STREAM VELOCITY CORRECTION DUE TO PROPELLER THRUSl 

IN SOLID-WALL 10- BY 10-FOOT SUPERSONIC WIND TUNNEL 

The increased velocity in the wake of a thrusting propeller i n  a solid- 
wall tunnel causes a reduced velocity and increased static pressure in the 
free-stream flow surrounding the wake of the propeller. 
effective velocity, and advance ratio of the propeller are altered. Pressures 
were measured on the wind-tunnel wall i n  order to evaluate the proper velocity 
correction that was required for this propeller installation. Data were 
recorded at free-stream Mach numbers of 0.117 and 0.223. At Mach 0.348, no 
pressure changes due to the thrusting propeller were measured at the wall 
static-pressure taps. 
peller at windmill (no power) and at various power (and thrust) levels ranging 
downward from model limits to the limits of measuring the wall-pressure 
changes. 

Therefore, the thrust, 

At each Mach number, data were recorded with the pro- 

Static-pressure tubes were attached to the wind-tunnel wall in order to 
measure local static-pressure changes as the propeller thrust was increased. 
The locations of the pressure measurements are shown in figure 46. 
sures were measured by using a single, accurate (6.89 N/m2 (0.001 psi)), 
differential pressure transducer. The reference pressure for all differential 
measurements was a static-pressure tap located far upstream o f  the propeller. 
Flgure 46 also identifies the location of a ceiling static pressure labeled 
P o ,  which was used in the tunnel free-stream calculations. 
near the propeller plane and therefore was affected by the changing propeller 
slipstream as the propeller thrust was changed. Wall static pressures were 
used to verify a theoretical velocity correction and to evaluate the already 
measured velocity change due to the proximity of the Po static pressure and 
the propeller plane. 

The pres- 

It was located 

The windmill condition of the propeller was used as a baseline condition 
for all differential pressure measurements. Any differential pressure measured 
at windmill was assumed to be a bias in the measurement due to the installation 
and was subtracted from the measurements with the propeller thrusting (powered). 
The wall static-pressure change from windmill and one-dimensional flow equa- 
tSons for the flow outside the propeller slipstream was used to calculate the 
ratio of local velocity Vwi to a reference velocity Vref far upstream 
of the propeller. This local velocity ratio Vwi/Vref was plotted as a 
function of the axial distance from the propeller plane for the free-stream 
Mach numbers and thrust levels tested (fig. 47). The change i n  velocity is 
significant (as much as a 6-percent change at the propeller plane) and is 
affected by both thrust and position in the tunnel. 

A simplified theoretical formula reported by Glauert (ref. 8) and Pope 
(ref. 9) relates the effective velocity encountered by the propeller i n  a 
solid-wall tunnel (as a ratio to the velocity in the tunnel far upstream of the 
propeller) to the thrust of the propeller and the size of the propeller in the 
tunnel : 
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where 
A propeller disk area 
C tunnel cross-sectional area 
T propeller thrust 
Tc 

VI 

V, tunnel velocity far upstream 

p tunnel density 
T 

A compressibility correction to the thrust coefficient was shown to be required 
by Young (ref. 10). 

thrust coefficient based on diameter squared instead of propeller disk 

effective velocity encountered by propeller 
area, T/D~,V& 

Q A/C 

thrust coefficient based on propeller disk area T = T/A& = Tcx(4/n) 

The required thrust coefficient and the velocity equation then become 

and 

T 
f = -  1 - M ,  2 

T C L  V' C - -  " - 1 -  

The ratio o f  measured local propeller-plane velocity (XW/HT = 0 in 
fig, 47) to reference velocity is shown as a function of the 
compressible-thrust coefficient T~ in figure 48. The theoretical values 
of V'/V are also shown. Comparison indicates good agreement between the 
propeller-plane measurement and the theory. 

Vpp/Vref 

The location (XW/HT = -0.117) of the static tap Po (fig. 46) used in 
the free-stream velocity calculation is near the propeller plane, not far 
upstream as assumed i n  the theoretical formula for calculating the effective 
velocity of the propeller. The variation of velocity change (which was cal- 
culated from the local pressure changes) with axial p o s i t i o n  was used to 
determine how much o f  the theoretical veloclty change due to thrust had been 
already measured by the Po pressure tap. The velocity change at the same 
axial location as the Po measurement was interpolated from the wall 
measurements. The ratio of this wall free-stream velocity change to each 
measured wall velocity change AV,/AV,~ is plotted as a functlon of the 
axial distance from the propeller plane i n  figure 49. The plot indicates that 
at the location of the free-stream static-pressure tap, approximately half o f  
the velocity change occurring at the propeller plane (XW/Hl = 0) has already 
taken place. The ratio of the wall free-stream velocity change to the 
propeller-plane velocity change A V , / A V ~ ~  is plotted as a function of the 
compressible-thrust coefficient fC in figure 50. The plot shows that 
the scatter seen at the propeller plane (and the other locations) is associated 
with low thrust levels, where the accuracy of the differential pressure 
measurements limits the velocity change information. 

Therefore the required correction to free-stream V ' / V o  is actually 
only half of the theoretical V'/V, value. The propeller data presented 
in this report have this reduced correction applied to the efficiency and 
advance ratio. 

13 



APPENDIX C - ADJUSTED METHOD USED TO OBTAIN MEASURED PROPELLER THRUST 

The propeller at windmill (no power) was used as a reference condition to 
correct the thrust readings from the rotating balance. This procedure was 
required to overcome a slow thermal drift In the rotating-balance thrust read- 
ing. Windmill reference conditions were established during special tunnel 
runs by using the strut-mounted force system. 
coefficient and advance ratio were used to eliminate possible small variations 
i n  windmill operatlon due to any day-to-day changes in wind tunnel conditions. 
After the reference windmill conditions were established (figs. 51 and 52), 
incremental thrust data were obtained by using the rotating balance i n  a 
windmill-power-windmill test sequence. At each desired power point, the PTR 
was first wlndmilled; then a power point was taken and then a second windmill 
point. The average thrust from the two windmill points was subtracted from the 
thrust at the power point to obtain an incremental propeller thrust. Since the 
drift In thrust output from the rotating balance was very small over the short 
time period required to obtain the three data points, any significant error in 
the Incremental thrust could be eliminated. The incremental thrust from the 
rotating balance was combined with the reference windmill conditions (deter- 
mined in the earlier tests with the strut-mounted force system) to establish 
the final propeller operating conditions. The procedure and equations that 
were used to establish the final performance conditions were as follows: 

Dimensionless propeller-thrust 

(1 )  Obtain an average reference windmill advance ratio JP,R for each 
blade angle and Mach number from the powered runs. 

(2) Obtaln the reference effective-thrust coefficient CTefr at the 
windmill advance ratio of the powered run by using the effective-thrust- 
coefficient-at-windmill curve generated i n  the windmill drag runs, (fig. 51 for 
the SR-2 propeller and fig. 52 for the SR-3 propeller). 

(3) Calculate and print performance summary tables based on the reference 
advance ratio J P R  and reference effective thrust coefficient CT efr. 
?he thrusts at the power points are adjusted for thermal zero shift according 
to following the equation: 

where 
CT,B 
C T , ~  
CT,WB 

J P  power point advance ratio 
Jp,w 

and 

power-point thrust coefficient (rotating balance) 
adjusted thrust coefficient (rotating balance) 
average of effective thrust coefficients from windmill points before 
and after power point (rotating balance) 

average of advance ratios from windmill points before and after 
power point 

JP,R and 

To verify that the above procedure produces good results, propeller data 

C ~ , e f r  are described i n  items ( 1 )  and (2). 

were compared. Identical propeller hardware (SR-1 with a conic spinner) was 
'tested at Mach 0.80 in  both the NASA Lewis 8- by 6-Foot Supersonic Wind Tunnel 
and the UTRC 8-ft octagonal tunnel by using different propeller test rigs 
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(PTR). 
j u s t  descr ibed.  
i t i e s  a t  90- and 100-percent des ign power load ing .  
1 percent  a t  90-percent load ing ,  and a t  des ign t h e  agreement is even b e t t e r .  
A s l i g h t  e x t r a p o l a t i o n  o f  t h e  UTRC data was requ i red  t o  o b t a i n  t h e  des ign 
power- loading c o n d i t i o n  due t o  t h e  l i m i t e d  power c a p a b i l i t y  o f  t h e  PTR o f  t h a t  
f a c i l l t y .  
these two f a c i l i t i e s  a r e  shown i n  f i g u r e s  41 t o  44  and a r e  discussed i n  t h e  
main t e x t .  These da ta  a l s o  agree w i t h i n  1 percent .  

The NASA da ta  were reduced by us ing  t h e  ad jus ted  performance method 
F igu re  53 presents  a comparison o f  da ta  f rom these two f a c i l -  

The da ta  agree w i t h i n  about 

Other comparisons o f  data a t  t h e  t a k e o f f  Mach number o f  0.20 a t  
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TABLE I. - DESIGN CHARACTERISTICS AND PLANFORMS OF SR-2 AND SR-3 

MODEL PROPELLERS 

Number o f  b lades 
T i p  sweep angle,  deg 
Reference d iameter ,  cm ( i n . )  
T i p  speed, m/sec ( f t / s e c )  
Power 1 oadi  ng , kW/m2 ( s hp / f  t 2 )  
A c t i v i t y  f a c t o r  
I n t e g r a t e d  des ign  l i f t  

c o e f f i c i e n t  
A i  r f o i l s  

R a t i o  o f  n a c e l l e  maximum 
diameter  t o  p r o p e l l e r  
d i amet e r  

C ru i se  des ign  Mach number 
Cru i se  des ign  advance r a t i o  
Cru i se  des ign  power c o e f f i c i e n t  
Measured c r u i s e  des ign  

n e t  e f f i c i e n c y ,  pe rcen t  
Measured c r u i s e  n o i s e  l e v e l ,  dB 

SR-2 

8 
0 

62.2 (24.5) 
244 (800) 

301 (37.5) 
203 

0.081 

NACA 16 
and 65/CA 

0.35 

0.80 
3.06 

1.7 
76 

151 

SR-3 

8 
45 

62.2 (24.5) 
244 (800) 

301 (37.5) 
235 

0.214 

NACA 16 
and 65/CA 

0.35 

0.80 
3.06 

1 .7  
78 
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TABLE 111. - PTR NACELLE AND SPINNER F A C E  STATIC-PRESSURE LOCATIONS 

[ R N  = 11.05 cm (4.35 in.).] 

x =  0 

~~ 

R/RN 

0.6835 
a.1353 
.la61 
.E673 

I 

Angular  
1 ocati on, 

0 ,  
d eg 

0.180 

J- 
0,900,180,210 

IX r Windscreen e =  oo 
Turboprop - 
blade-., - , t coII // ,-Nacelle 

I rForward ' 

/' 

Rotating thrust torque unit J' 

(a) Spinner Face 

_-- 
A-A 

r - 0  
? r  

( b )  Nacelle 

X/RN 

0.0241 
.0749 
.1299 
.la80 
.2547 
.3345 
.4276 
.5520 
.7598 

1.0149 
1.2876 
1.4793 
1.6299 
1.7644 
1 .a823 
1.9924 
2.0954 
2.2051 
2.3264 
2.4667 
2.6586 
2.9184 

0.8684 
-8848 
.go1 0 
.9110 
.9326 
.9480 
.9631 
.9780 
.9921 

I .oooo 
.9949 
.9848 
-9745 
.9642 
.9531 
.9431 
.9323 
.9215 
.9105 
.a994 
-8882 
.a768 



TABLE I V .  - SR-2 PROPELLER TEST-RUN 

0.00 0.10 

X X 
- X 
- ' X  
- ' x  
- X 
- X 
- X 
- - 
- - 
- - 
- - 
- - 

Blade ang le  
a t  75-percent 

rad ius ,  
deg 

24.9 
29.6 
34.4 
38.0 
41.7 
45.8 
49.8 
53.8 
59.7 

0.20 0.37 

X - 
X - 
X - 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 

X 

SCHEDULE 

Mach number 

0.10 

X 
X 
X 
X 
X 
- 
- 
- 
- 

t 

TABLE V.  - SR-3 PROPELLER TEST-RUN SCHEDULE 

Blade ang le  
a t  75-percent 

rad?  us, 
deg 

-6.8 
24.6 
29.4 
33.9 
37.3 
41 .9 
45.9 
48.3 
51.4 
54.1 
58.3 
62.1 
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Figure 3. - SR-2 propeller model w i t h  straight blades instal led in 
NASA Lewis 10-by lo-Foot Supersonic Wind Tunnel. 

F igure 4. - SR-3 propeller model w i t h  45 '-swept blades instal led 
in NASA Lewis 10-by 10-Foot Supersonic Wind Tunnel. 



Figure 5, - Aerodynamic design concepts for an  advanced h i g h  speed 
turboprop propulsion system. 
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Figure 6. -Va r ia t i on  of propeller design parameters w i t h  blade radius for unswept SR-2 propeller. Number 
of blades, eight;  blade act iv i ty factor AF-203; integrated design lift coefficient CLi= 0.08; diameter, 
0.62 m (24.5 in. ). 
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Figure 7. - Variation of propeller design parameters wi th  blade radius for 45O-swept SR-3 propeller. 
Number of blades, eight: blade activity factor AF- 235: integrated design l i f t  coefficient CLi = 
0.241: diameter, 0.62 m (24.5 in. ). 
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Figure 8. - Variation of relative t ip diameter wi th  blade angle and rotation speed. Refer- 
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Figure 13. - SR-2 and SR-3 nacelle drag coef- 
f icient (dummy h u b  without propeller blades). 
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Figure 15. - SR-2 propeller performance map at  Mach number of 0.10. 
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Figure 16. - 9 - 2  propeller net efficiency as function of 
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Figure 18 - SR-2 propeller performance map at  Mach number of 0.20. 
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Figure 19. - SR-2 propeller efficiency as function of advance ratio at Mach 
number of 0.20. 
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Figure 20. - SR-2 propeller power coefficient as function of advance 
ratio at Mach number of 0.20. 
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Figure 22. - SR-2 propeller net efficiency as function of advance ratio at Mach number of 0.27. 
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Figure 23. - SR-2 propeller power coefficient as function of advance ratio at Mach number 
of 0.27. 
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Figure 25. - SR-2 propeller net efficiency as function of advance ratio at Mach 
number of 0.34 

.8 1.2 1.6 2 0  2 4  2 8  3 . 2  3.6 40 4.4 
Reference advance ratio, Jref 

Figure 26. - SR-2 propeller power coefficient as function of advance ratio at Mach 
number of 0.34. 
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Figure 27. - SR-3 propeller performance map at  Mach number Of 0.1Q 
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Figure 28. - SR-3 propeller net efficiency as function of advance 
ratio at Mach number of 0.10. 
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Figure 29. - SR-3 propeller power coefficient as function of ad- 
vance ratio at Mach number of 0.10. 
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Figure 31. - SR-3 propeller net efficiency as function of advance ratio at Mach number of 0.20. 
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Figure 3 2  - SR-3 propeller power coefficient as function of advance ratio at Mach number of 0.20. 
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Figure 34. - SR-3 propeller net efficiency as function of advance ratio at Mach number of 0.27. 
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Figure 35. - SR-3 propeller power coefficient as function of advance ratio at Mach number of 0.27. 
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Figure 37. - SR-3 propeller net efficiency as function of advance ratio at Mach numberof 
0.34. 
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Figure 38 - SR-3 propeller power coefficient as function of advance ratio at Mach number of 0.34. 
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Figure 39. - SR-2 propeller efficiency comparison between two different wind tunnels  and propeller 
test r igs at  Mach 0.20. Hamilton Standard data are from faired curves. 
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Figure 40. - SR-2 propeller power coefficient comparison between two different wind tunnels  and propeller test 
r igs at Mach 0.20. Hamilton Standard data are from faired curves. 
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Figure 41. - SR-3 propeller efficiency comparison between two different wind tunnels and propeller test r igs 
at Mach 0.20. Hamilton Standard data are from faired curves. 
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Figure 42. - SR-3 propeller power coefficient comparison between two different wind tunne ls  and propeller 
test r igs at Mach 0.20. Hamilton Standard data are from faired curves. 
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Figure 44. - SR-3 reverse th rus t  coefficient as function of ad- 
vance rat io at Mach numbers of 0.10 and 0.20. Blade angle 
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Figure 45. - T h e  effect of forward velocity on the amount of reverse thrust 
produced relative to the amount of takeoff thrust produced at Mach 0.20. 
SR-3 propeller: blade angle po. 75R' -6. So; takeoff thrust at Mach 0.20, 
1427 N (321 Ibf). 
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